Handover and mobility management are important and critical aspects of future ultra-dense cellular networks. This paper proposes an intelligent handover technique, which reduces the handover rate without significant performance losses. Specifically, we investigate a user-centric handover scheme that exploits base station (BS) cooperation to enable a dynamic handover skipping. By considering mobility awareness, the users skip some handover executions and remain connected with at least a single BS. In this way, we achieve a balance between BS cooperative transmissions and single BS transmission to reduce handover rate and consequently the associated signal overhead. Our results show that the proposed scheme outperforms conventional solutions in terms of the average user throughput, particularly for high velocities and ultra-dense networks.
I. INTRODUCTION
The future fifth generation (5G) wireless communication technologies are expected to offer 1000-fold higher capacity compared with the current 4G deployments, serving more users simultaneously and offering higher data rates; even to users with high mobility [1] . In order to meet these requirements, a promising solution is to employ ultra-dense networks as well as exploit the available resources in bandwidth more efficiently. Ultra-dense networks have been extensively studied in the literature [2] , [3] and it has been proven that they can offer higher throughput to static users. However, scenarios with mobile users is still a challenging problem, since mobile users need to connect to different base stations (BSs), every time that they pass by different cellular cells [4] . This operation is referred to as handover and aims to sustain a decent quality of service for mobile users. However, the computational and time resources associated with the handover process are significantly higher in ultra-dense networks, due to the limited sojourn time in smaller cells and the subsequent increase in handover rate [5] . This results in the substantial degradation of the user throughput. Although the design of more sophisticated handover schemes for ultra-dense networks is crucial, related work in the literature is limited.
The authors in [6] deal with the handover rate between a macro and a small cell in heterogeneous networks, and derive closed-form expressions for the sojourn time inside a small cell by using stochastic geometry. The work in [7] studies the problem of velocity estimation in heterogeneous networks and introduces a sojourn time based algorithm that takes into account spatial randomness and small cell network. The authors in [8] introduce a joint BS assignment and bandwidth allocation scheme to reduce handover rate for heterogeneous networks with multi-mobility users and different traffic requirements. Aiming to reduce the handover cost and thus the handover rate, the work in [9] proposes a handover skipping scheme, where the users, during their trail, execute handovers alternately to reduce the handover rate in half. By applying the closest BS association policy, users are alternately served by their closest or second closest BS. This work is extended in [10] , where the authors consider BS cooperation to compensate for the performance losses in the skipping phase. Specifically, a user connects with its second and third closest BSs during the skipping phase, while no BS cooperation is used when a handover is executed. The BS cooperation and the closest BS association policy are also considered in [11] , where the authors study a user-centric connectivity with multiple BSs and derive the general handover rate. Working from a different perspective, the authors in [12] , propose a mobility management strategy to maximize the energy efficiency of the BSs by jointly optimizing handover and power control.
This paper deals with the user-centric handover scheme in ultra-dense networks where mobile users enjoy BS cooperation benefits. We introduce a new handover scheme that dynamically skips handoffs by taking into account the user's trajectory and the BSs associated with each cell along its path. In contrast to [10] , our proposed scheme always exploits BS cooperation unless a handover is skipped. Specifically, using mobility awareness, a user skips a handover execution when the next two consecutive cells along its path have a BS in common with the current associated BSs. The proposed scheme achieves a performance balance between BS cooperation and single-BS connection in order to reduce the handover rate. We derive closed-form expressions for the average throughput by considering higher order Voronoi tessellations and tools from stochastic geometry. Our results show that the proposed scheme outperforms conventional handover deployments in terms of average throughput; the achieved gain becomes higher as the user velocity and network density increases.
Notation: R 2 is the two-dimensional Euclidean space; x is the Euclidean norm of x; P(X) represents the probability of the event X with expected value E(X); 2 F 1 (·, ·; ·; ·) denotes the Gauss hypergeometric function and Γ(·) is the complete Gamma function.
II. SYSTEM MODEL
Consider a downlink single-tier cellular network connected with an ideal backhaul (e.g. cloud radio access network architecture in 5G network), consisting of a random number of BSs. The BSs are spatially distributed in R 2 according to a homogeneous Poisson point process (PPP) Φ = {x k ∈ R 2 }, k ≥ 1, with density λ; x k denotes the coordinates of the k-th BS. All BSs are equipped with a single antenna and transmit with equal power P . We assume a user is associated with its K closest BSs in the network. As a result, the Euclidean plane R 2 is separated into regions, forming a Voronoi tessellation of order K [13] . Specifically, a Voronoi cell V (K) S formed by the set S = {x 1 , . . . , x K } ⊂ Φ, is the region consisting of the points closer to the ones in S than any other points in Φ i.e.,
(1) All wireless links are assumed to suffer from both smallscale block fading and large-scale path-loss effects. The signal from the k-th BS to the user experiences Rayleigh fading so the channel gain h k is exponentially distributed with unit variance i.e., h k ∼ exp (1) . In addition, the path-loss model is proportional to r −α k where r k = x k , x k ∈ Φ, is the distance from the k-th BS to the origin and α > 2 is the path-loss propagation exponent. Without loss of generality, we assume that the points in Φ are ordered in ascending order from their distance to the origin i.e., r k ≤ r k+1 , ∀x k ∈ Φ. Therefore, the probability density function (pdf) of the distance r k to the k-th closest BS is given by [14] f
and the joint pdf of the distances to the k closest BSs is given by [14] f (r 1 , . . . , r k ) = (2λπ) k exp(−λπr 2 k )r 1 · · · r k .
We consider a mobile user traversing the network along an arbitrary trajectory with velocity v. Let N = {x 1 , . . . , x n } ⊂ Φ, n ≥ 1, be the set containing the locations of the instantaneous associated BSs with the user. Clearly, the set N changes throughout the user's path, according to the considered handover scheme which is described in detail in Section III. We assume the K associated BSs employ non-coherent joint transmission (NCJT) 1 and therefore, the signal-to-interferenceplus-noise ratio (SINR) at the user is
where σ 2 is the power of the additive white Gaussian noise and I n = P xi∈Φ h i r −α i , i > n refers to the aggregate interference occurring from the non-associated BSs i.e., from the n-th closest BS and onwards. Note that (4) refers to the spatially 1 NCJT is a low-complexity scheme with no channel state information requirements and is considered in this work for ease of analysis [10] , [11] . average stationary SINR, which we consider for tractability reasons instead of the average SINR along the user's trajectory [10] . Therefore, we derive the average stationary SINR for a typical user located at the origin (Slivnyak's Theorem) [15] .
In what follows, we describe and evaluate the performance of our proposed intelligent user-centric handover scheme. For the sake of simplicity, we focus on the case K = 2 which allows us to show the principles and benefits of our proposed scheme. The case K > 2 will be considered for future work.
III. AN INTELLIGENT HANDOVER SCHEME
We propose an intelligent scheme, where a handover occurs according to the user's trajectory and future location. We assume that a user's mobility pattern can be predicted based on its trajectory and velocity [9] , [16] . Based on this pattern, our proposed scheme decides whether or not to handoff when the user enters a new cell. In this way, the number of required handoffs along a user's path are reduced significantly.
Specifically, consider the sets A, B, and C, each containing two BSs. Assume a mobile user crosses the cells V
B , and V
(2) C sequentially; note that neighbouring cells have one BS in common (basic property of second order Voronoi cells [13] ). Initially, the serving set is N = A. The decision to handoff when passing from V
B is made based on the BSs that form the cell V 
B skipping the handover operation. In this case, the serving set is N = a i.e., a single BS ensures connectivity. It is clear that, due to spatial symmetry, the serving BS might be user's closest or second closest with equal likelihood. • If a ∈ C, then a handover is executed when the user enters V
B . In this case, the serving set becomes N = B i.e., two BSs ensure connectivity. The procedure is iterative and a decision is made at each cell by considering the user's path along three consecutive cells. For example, based on the above, a decision is made in V Handover Pattern
C . In the next step, a decision will be made in V (2) B for the path along V
C , and say V (2) D . The main idea behind this scheme is as follows. If a BS is common to all three cells, then the handover can be skipped as the user can maintain its connection to this BS along its entire path through these cells. On the other hand, if the BSs of the third cell are different, a handover occurs and the user connects to both BSs of the second cell.
Without loss of generality, all the possible handover decisions can be described in four patterns, illustrated in Fig. 1 and summarized in Table I . According to Patterns 1 and 4, the common BS a of the first two cells is not part of the BSs of the third cell; thus a handoff occurs and the user connects to {a, c} and {a, d}, respectively. In Patterns 2 and 3, the BS a is common in all three cells and so the handover is skipped. In particular, while entering the second cell, the user drops its connection to b and stays connected to a. It is worth mentioning that the steps of the proposed scheme and the patterns described above, are not affected when the user is initially connected to a single BS.
In contrast with our proposed handover scheme, the conventional scheme requires a handover operation every time the user crosses a cell, independently from its path. Therefore, a mobile user crossing the cells V
B , and V (2) C will execute two handoffs, one at each cell cross e.g., when the user enters the cell V (2) B the serving set changes from A to B, independently from the set C. It is important to note that the same applies for first order Voronoi cells i.e., K = 1, where the user connects to a single BS. A comparison between our proposed scheme and the conventional one, in terms of the handover decisions for the four patterns, is shown in Table  I . Finally, we define the handover rate of the conventional scheme for a user moving with velocity v along K-th order Voronoi cells, K ≥ 1, by [11] 
From Table I , a handover is skipped or executed with equal probability. Hence, during its trajectory, the user traverses half of the cells by skipping the handover. Note that, this does not imply that the user will alternately skip a handover, but on average, half of the handovers are executed. Thus, the handover rate of our proposed scheme (K = 2) is expressed as
which follows from Γ[2.5] = 3π 4 and Γ[2] = 1. IV. AVERAGE THROUGHPUT ANALYSIS In this section, we derive our main performance metric, which is the average throughput of a user employing the proposed handover scheme. The average throughput (bits/s (bps)), denoted as T , is given by [9] 
where B is the available channel bandwidth, z is a constant variable corresponding to the fraction of the resources used for signaling between the user and the BSs and d is the handover cost i.e., the time fraction occupied by the handover execution (no data is transmitted), and is defined as [17] 
where τ is the handover delay and H s (v) is the handover rate given by (6); when τ H s (v) > 1, the sojourn time is less than the handover delay and therefore T = 0 bps [17] . Finally, R is the achieved spectral efficiency (bits/s/Hz) defined as
By the change of variable T → 2 x − 1, we have
where P(SINR > T ) expresses the coverage probability i.e., the probability that the user's SINR achieves at least the predefined threshold T . The coverage probability of the user served with NCJT by the BS set N = {x 1 , . . . , x n }, n ≥ 1, can be expressed as
Since
is an exponential random variable with mean 1/ xi∈N r −α i . Thus, by using the complementary cumulative distribution function of an exponential random variable, the coverage probability is
where we let s T x i ∈N r −α i and we define
as the Laplace transform of the interference term I n , given in the following lemma.
Lemma 1. The Laplace transform L In (s) of the interference term I n , evaluated at s is given by
where α > 2 and r n denotes the distance between the n-th closest BS and the user.
Proof. See Appendix A.
According to the proposed handover scheme the user is connected to either its closest BS, or its second closest BS (Patterns 2 and 3) or its two closest BSs (Patterns 1 and 4) . Therefore, to uncondition on the distances in (13) , we need to consider these three cases separately.
When the user is served by its closest BS, the serving set is N = {x 1 }. Using the pdf f (r 1 ) given by (2) , the coverage probability is given by
where L I1 (s) is given by Lemma 1 and s = T r α 1 . Similarly, when the user is served by its second closest BS, the serving set is N = {x 2 }. In this case, the signal from the closest BS interferes with the user and so the coverage probability is expressed as
where s = T r α 2 , L I2 (s) is given by Lemma 1 and
gives the interference occurring from the closest BS; the proof of (19) is given in Appendix B. By using the pdf f (r 2 ) of r 2 given by (2), the final expression for the coverage probability is written as
The interference from the closest BS will affect the user's coverage probability significantly, as it will be the strongest amongst all other received signals. Therefore, we assume the user can employ an ideal successive interference cancellation (SIC) technique i.e., the user can decode and extract strong interfering signals. Thus, the coverage probability reduces to
Finally, when the user is served by the two closest BSs, the serving set is N = {x 1 , x 2 }. In this case, we have s = T r −α 1 +r −α 2 and using the joint pdf f (r 1 , r 2 ) of r 1 and r 2 given by (3), the coverage probability is
where in contrast to (20), the BS at x 1 is now a serving BS and does not interfere with the user. We now consider a special case, namely, σ 2 = 0 and α = 4, to simplify the derived expressions.
A. Special case: σ 2 = 0 and α = 4
We assume an interference limited network i.e., σ 2 = 0 with α = 4. Therefore, the Laplace transform L In (s) given in Lemma 1 is simplified to
(23)
The simplified coverage probability expressions for P c x1 , P c x2 and P c,SIC x2 are given in [9, Section IV] and so are omitted for brevity. We provide the simplified expression for the BS cooperation case, which is given by
The simplified expressions in [9, Section IV] depend entirely on the threshold T . The same applies for (24); even though it is not clear from the non-closed form expression, we have numerically validated this remark. Using the coverage probability, we can now derive the average spectral efficiency achieved by the user, which is provided in the following proposition. Proposition 1. The average spectral efficiency of a mobile user employing the proposed handover scheme is
where P c x1 , P c x2 and P c {x1,x2} are given by (16) , (20) and (22), respectively. For the interference-limited case i.e., σ 2 = 0 with α = 4, the spectral efficiency R achieved by the user employing the proposed scheme, the conventional scheme with second order Voronoi cells (Conv. V (2) ) and the conventional scheme with first order Voronoi cells (Conv. V (1) ) is presented in Table II .
V. NUMERICAL RESULTS
In this section, we present our numerical results to validate and evaluate our proposed scheme. We consider the special case i.e., σ 2 = 0 and α = 4. In addition, the channel bandwidth is B = 10 MHz, the resources reserved fraction is set to z = 0.3 [19] and we take into account two cases of handover delay τ = {0.8, 2} s. For comparison purposes, we also consider the conventional handover schemes with first and second order Voronoi cells as benchmarks. Fig. 2 presents the coverage probability versus the threshold SINR T , for all the three cases of connectivity: N = {x 1 } (closest), N = {x 2 } (second closest) and N = {x 1 , x 2 } (BS cooperation). As expected, when the user is connected with the two closest BSs, the coverage probability is the highest among the three cases. Connecting to the second closest results in the worst performance due to the interference generated by the closest BS. However, when SIC is employed, the elimination of this interference, brings significant improvements to the coverage probability. Therefore, in what follows, we assume that the receiver always employs SIC. Finally, the theoretical results (dashed lines) perfectly match the simulation results (markers) which validates our analysis. Fig. 3 depicts the average throughput versus the user's velocity v for three handover schemes: our proposed scheme based on the second order Voronoi cells, the conventional scheme considering second order Voronoi cells (Conv. V (2) ) and the conventional scheme based on first order Voronoi cells (Conv. V (1) ). It is clear from the figure that as the user's velocity increases, the average throughput decreases. This is expected, since a higher velocity implies an increase to the handover rate and hence the handover cost. When the handover execution lasts τ = 0.8 s, Conv. V (2) provides the highest performance for velocities v < 90 km/h; this is due to the fact that Conv. V (2) achieves the highest spectral efficiency (see Table II ) and the handover cost, in this case, is low. However, for higher velocities, the handover cost increases which significantly reduces the user throughput. As can be seen, our proposed scheme overcomes these losses and provides the highest performance. Indeed, at v ≥ 230 km/h, Conv. V (2) provides zero throughput whereas our proposed scheme can still support a high velocity user. For the case τ = 2 s, the handover cost is greater but our proposed scheme compensates these losses and offers gains even for lower velocities i.e. v > 40 km/h. Furthermore, our scheme always outperforms Conv. V (1) since it provides both lower handover rate and higher spectral efficiency. Finally, Fig. 4 considers denser networks, specifically λ = 2 × 10 −4 . Similar observations to above can be obtained. However, in this case, the gains of our proposed scheme can be seen for lower velocities i.e., v > 60 km/h and v > 30 km/h for τ = {0.8, 2} s, respectively. Therefore, in ultradense networks, our proposed scheme is more robust to the increased handover rates producing significant gains to the average throughput of a mobile user.
VI. CONCLUSION
This paper proposed an intelligent user-centric handover scheme that dynamically skips handover executions by exploiting BS cooperation and mobility awareness. The proposed scheme achieves a balance between BS cooperative transmissions and single BS transmission. By using stochastic geometry, we provided closed-form expressions for the user's average throughput and showed the significant gains in comparison with conventional schemes. Our results show that in ultradense networks, our proposed strategy is the one with highest robustness for high velocities. Future extensions of this work include the consideration of higher order Voronoi cells as well as heterogeneous networks with multiple handover rates.
APPENDIX

A. Proof of Lemma 1
The Laplace transform of the interference term I n evaluated at s can be derived as where (26) follows from the moment generating function of an exponential random variable and the fact that the variables h j are independent and identically distributed; (27) is obtained using the probability generating functional of a PPP [15] . The lower limit r n ensures that the closest interference is outside the ball centred at the user with radius r n . After some algebraic manipulations and using [18, 3.194 .5], the result follows.
B. Proof of Expression in (19)
Expression in (19) follows similar steps as in Appendix A. Specifically, from (26) we have exp −sh 1 r −α
Since N = {x 2 }, using f (r 2 ) and f (r 1 , r 2 ) given by (2) and (3), respectively, the conditional pdf of r 1 given r 2 is evaluated as f (r 1 |r 2 ) = f (r 1 , r 2 ) f (r 2 ) = 2r 1 r 2 2 .
(29)
Then, by unconditioning on r 1 E r1
where the upper limit follows from the fact that r 1 < r 2 . The final expression is based on [18, 3.194.2] .
